The vocal tract shape is crucial to voice production. Its lower part seems particularly relevant for voice timbre. This study analyzes the detailed morphology of parts of the epilaryngeal tube and the hypopharynx for the sustained German vowels /a/, /e/, /i/, /o/, and /u/ by thirteen male singer subjects who were at the beginning of their academic singing studies. Analysis was based on two different phonatory conditions: a natural, speech-like phonation and a singing phonation, like in classical singing. 3D models of the vocal tract were derived from magnetic resonance imaging and compared with long-term average spectrum analysis of audio recordings from the same subjects. Comparison of singing to the speech-like phonation, which served as reference, showed significant adjustments of the lower vocal tract: an average lowering of the larynx by 8 mm and an increase of the hypopharyngeal crosssectional area (+ 21.9%) and volume (+ 16.8%). Changes in the analyzed epilaryngeal portion of the vocal tract were not significant. Consequently, lower larynx-to-hypopharynx area and volume ratios were found in singing compared to the speech-like phonation. All evaluated measures of the lower vocal tract varied significantly with vowel quality. Acoustically, an increase of high frequency energy in singing correlated with a wider hypopharyngeal area. The findings offer an explanation how classical male singers might succeed in producing a voice timbre with increased high frequency energy, creating a singer's formant cluster.
Introduction
Voice production involves the generation of a pulsating transglottal airflow which is filtered by the vocal tract (VT) resonator. The shape of the vocal tract defines formant frequencies and the frequency response of the filter which, in turn, defines vowels, consonants and essential parts of voice timbre [1] . Timbre in the following is used in the sense described by Helmholtz for whom differences of overtone intensitiy were decisive for the percieved tone colour [2] . Plomp later perceived timbre of steady-state sounds as determined by the frequency spectrum [3] . Dynamic aspects of sound production are left out in these definitions and are also not considered in the present study which will be concentrating on sustained vowels. There are important differences between the timbre characteristics of spoken and sung vowels. In speech science the term voice quality or timbre is commonly understood as a characteristic perceived color of an individual voice. In contrast in classical singing style the singer's formant cluster is a prominent timbre component of male voices. Acoustically, it is a a clustering of energy in the frequency range of 3 kHz, first observed by Bartholomew [4] .
Is has been shown that the lower part of the VT is important for voice timbre particularly for the creation of the singers formant cluster [5] . More specifically, the epilaryngeal tube and the hypopharyngeal area should be decisive. Acoustically the epilaryngeal tube can be regarded as a Helmholtz-resonator, which ends in the pharynx. Its resonance frequency will be almost entirely determined by the epilaryngeal tube if the area ratio between the outlet and the pharynx at the level of the outlet will be smaller than 1:6 [6] . In two independent model experiments, the resonance frequency of the epilaryngeal tube has been found to lie in the vicinity of 2.8 kHz [5, 7] . This would place it between the frequencies of formants 3 (2.2-3.0 kHz) and 4 (3.2-3.5 kHz) in adult male speech [5] , thus creating a formant cluster that boosts the spectrum level in this frequency region. A small area ratio between the laryngeal outlet and the pharynx should keep the larynx tube resonance independent of the remaining part of the VT. Greater area ratios will have the consequence of making the larynx tube resonance more sensitive to the rest of the VT.
Many of the theories of the acoustic and morphometric principles of vocal tract configuration in singing are based on simplified physical or numerical models [5, 8] . Hence, the morphological details of the VT in singing are not known due to the lack of accurate threedimensional measurements. In contrast to former imaging facilities, current magnetic resonance imaging (MRI) allows the acquisition of high-resolution images of the VT without radiation exposure. This possibility has been used extensively, mainly for speech [9, 10] , but also for singing [11] .
A detailed analysis of VT shape requires 3D imagery and stable articulatory conditions, i.e. the analysis of sustained vowels as has been used in some previous studies [12] [13] [14] [15] [16] . The only volumetric study comparing different sustained vowels showed no significant changes in the endolaryngeal and the lower hypopharyngeal region from one vowel to another [7] .
The present study addresses two main questions: Is there a systematic adjustment of the lower VT morphology in singing as compared to speech-like phonation? Is there a systematic displacement of the larynx comparing singing and speech-like phonation? More specifically, cross-sectional area and volume measures of the epilaryngeal and hypopharyngeal regions were analyzed, which are commonly assumed to be particularly important to voice timbre in singing.
Dresden, Germany. They were asked to produce five sustained German vowels, /a/, /e/, /i/, /o/ and /u/ at the pitch of A 3 (220 Hz), with a medium loudness, in two different phonatory conditions: first, in a natural, speech-like phonation mode and second, in a resonant, projected phonation mode, as in singing in the classical style. They were also asked to reduce their vibrato without abandoning the classical singing style. The pitch reference was provided and checked by means of a pitch pipe. Both tasks were produced sequentially in a 3 T MRI machine (Magnetom Trio Tim, Siemens Medical Solutions, Erlangen, Germany). The MRI was performed with a 12-element-head-neck-coil using a 3D volume-interpolated-breathhold-examination sequence with 1.3 ms/3.8 ms (echo time/repetition time), flip angle 10°, a field-of-view of 250 x 250 mm, and a matrix of 192 x 192. The MRI recording was initiated as soon as the subject had started phonation. For each vowel sequence, the acquisition time was restricted to 9.2 s. The experiment yielded ten recordings per subject, five vowels with two takes each, all produced in supine position. The singers were instructed to keep articulation constant during each vowel and to inform the examiner if they felt that they failed to do so. In latter cases, the recording was repeated. For each vowel sequence, a set of 52 sagittal slices of the whole VT was obtained. The slice thickness was 1.5 mm. The obtained resolution of the images was 1.3 mm. Due to the known limitations of the MRI recording technique, the teeth were not detected. Since the target of the study was adjustments of the lower VT, the influence of the teeth on the acoustics of the interesting frequency range of about 3 kHz also seemed to be negligible.
Immediately after the MRI data acquisition, audio recordings of the same tasks were made in an adjacent room, under matching conditions. As in the MRI session, the subjects were recorded in a supine position. The audio signal was recorded by an electric condenser microphone (EM900 from Tbone, Germany), which has a relatively flat frequency response in the interesting range from 0.2-10 kHz. The microphone was placed at a distance of 30 cm from the mouth and recordings were aquired to a computer with Audacity software [17] at a sampling rate of 44.1 kHz/16 bit.
Processing, segmentation and acoustical analysis of MRI data
To facilitate the segmentation, the images were stacked and scaled along all three axes by a factor of four with ImageJ (National Institutes of Health, Bethesda/MD, USA) using bilinear interpolation and resulting in 208 images with 768 x 768 pixel each. Then the images were processed with anisotropic diffusion by means of IPTools [18] . A centerline was defined in the mid-sagittal plane. In order to obtain a well defined and easily reproduceable image stack of the lower VT, the centerline was defined in a standardized manner by using two anatomical landmarks: the tip of the uvula and the crossing of the arytenoids with the ventricular folds (see Fig 1) . The image stack was resampled with a fixed distance of 1 pixel between images to a set of up to 780 images, whose planes were normal to the centerline. The distance from one segment to the next was 0.33 mm, i.e., 30 segments represented approx. 10 mm. The resulting images were segmented along the air-tissue-border by help of active contours in a semiautomatic procedure [19, 20] . To ensure a realistic representation of the VT anatomy, the resulting segments were checked and if needed modified manually on a single-point basis by an experienced laryngologist. The resulting two-dimensional segmentations, which correspond to the area function of the stacked VT, allowed for a detailed analysis of 2D and 3D measures within the centerline-based coordinate system.
Definition of morphologic parameters
Two cross-sectional areas and two volume measures were selected. The area measurements were derived from single cross sections taken directly from the centerline-based segmentation (see Fig 2) . A reference plane, representing the exit of the epilarynx, was identified as the first segment just below the uppermost complete posterior closure of the arytenoid cartilages. An endolaryngeal cross-sectional area (ELA) was measured five slices (% 1.7 mm) below this plane within the epilarynx tube. The second area measure reflecting the hypopharyngeal width was taken 30 slices (% 10 mm) above the reference plane. This area is mostly located slightly below the valleculae and the top part of the piriform sinuses. It typically showed the hypopharyngeal width at the level of the top part of the piriform sinuses. Henceforth it will be referred to as the hypopharyngeal area (HPA).
Two corresponding volume measures were defined, one epilaryngeal and one hypopharyngeal. The inferior limit of the former was located at the level of the ventricular folds, where the distance between them reached its minimum, while the epilarynx exit reference plane was chosen as its upper limit. Henceforth this volume measure will be called the endolaryngeal volume (ELV). As a consequence of the dynamic definition of the lower border of the ELV, the resulting height of this volume varied between 6 and 14.5 mm. The hypopharyngeal volume (HPV) was measured between the HPA and the epilarynx exit reference plane thus representing the portion of the lower pharynx just above the larynx including the upper piriform sinuses. For the area and volume measures, the percental change between the two phonation modes was Á 100 ¼ measure pc (e.g. HPA pc ). That means, relative measures for singing were determined by utilizing the natural, speech-like phonation as reference mode. Also, the ratios for the two area measures ELA/HPA and for the two volume measures ELV/HPV were determined for each configuration, i.e., for each combination of phonation mode and vowel.
The position of the larynx was measured in relation to non-mobile parts of the VT. A helpline A was drawn from the anterior rim (tuberculum anterius) of the first cervical vertebra (atlas) to the upper anterior rim (margo anterior superior) of the 7 th cervical vertebra. Normal to this line a second line B was drawn that touched the superior edge of the vocal folds at the anterior laryngeal commissure. Laryngeal height (LH) was defined as the distance between the intersection of helpline A and B and the upper anterior rim of the 7 th cervical vertebra (see Fig 3) .
Analysis of the audio recordings
To obtain quantitative data on the extent to which the singers had developed a singer's formant cluster, long-term-average spectrum analysis (LTAS) (range 0-5.5 kHz, bandwidth 250 Hz) of the audio recording of each vowel sequence was run. The spectrum slope is heavily influenced by vocal loudness, and most speech-like and singing samples differed substantially in this respect. The effects of such differences on LTAS curves can be approximated by means of an equation, which multiplies the difference in equivalent sound level with a frequency dependent gain factor [21] . To allow for a fair comparison, the LTAS for the speech-like samples were compensated by using this equation.
Then, the Hammarberg index (HI) was determined for speech-like and sung vowels. The index is defined as the level difference between the highest spectrum peak in the 0-2 kHz range and the highest spectrum peak in the 2-5 kHz range [22] . Other authors reused this index as singing power ratio [23] . A prominent spectrum peak above 2 kHz typically observed in male classical singing is thereby represented by a low or even negative HI. The peak can be explained as the acoustical consequence of clustering formants 3, 4, and 5, and is hence referred to as the singer's formant cluster [5] . To describe the relative increase of the singer's formant cluster the level difference in dB of HI between speech-like and singing was then calculated as ΔHI = HI speech-like − HI singing . This means that high ΔHI values reflected a more prominent singer's formant cluster in singing compared to speech-like phonation.
Statistics
A two-way repeated measure analyses (ANOVA) was carried out on the following measures: ELA, HPA, ELV, HPV, LH and the quotients ELA/HPA, and ELV/HPV with 'phonation mode' (variables: speech-like and singing) and 'vowel' (variables: /a/, /e/, /i/, /o/ and /u/) as withinsubject factors. To look for correlations between ΔHI and ΔLH and area and volume measures the coefficient of determination (R 2 ) was applied.
Estimation of the VT transfer function based on hybrid area functions
To test the influence of the lower VT on the acoustical output an examplary area function hybrid combining the lower VT in singing with the upper VT in speech-like phonation and vice versa was used. The material was taken from the two data sets on vowel /a/ of subject 8, who had a high ΔHI. The obtained area function of the lower VT from the glottis to the inferiormost part of the vallecula in singing was attached to the upper remaining part of the VT taken from speech-like. The inferior parts of the piriform sinuses besides the larynx were disregarded, following the method used by Takemoto [7] . Likewise, the upper VT in singing was fused to the lower VT in speech-like condition. The resulting hybrid area functions as well as the two originals in singing and speech-like condition served for the computation of a onedimensional acoustical analysis. To calculate this transfer function of the VT the freely available phonetics software PRAAT [24] was used with standard parameters for glottal damping and lip radiation.
Results
The analysis of the acoustical parameters showed stronger singer's formant clusters in singing, resulting in an average 4.5 dB difference of the ΔHI, even though three of the 13 subjects showed negative values (Table 1) .
Larynx height
As mentioned above, a lowered larynx is commonly regarded as typical in male classical singing. The difference in larynx height (ΔLH) between the singing and speech-like phonation mode revealed that the subjects had a lower larynx position in singing, as illustrated in Fig 4. Across vowels and subjects the larynx was lowered by about 8 mm in singing on average. This difference was statistically significant (p < .01), although subject 12, one of the tenors, showed a completely opposite behavior raising his larynx, on average by 12 mm. For the different vowels the absolute values of LH were significantly different. Analysis of the interaction of both within-subject factors 'phonation mode' and 'vowel' showed no significant effect.
Endolaryngeal area (ELA) and volume (ELV)
Panel A of Fig 5 shows the change in ELA for each vowel, averaged across subjects. For all vowels, the average was greater in singing than in speech-like phonation, the mean difference amounting to + 12.1%. However, this difference failed to reach statistical significance. Panel B of Fig 5 shows the corresponding change of ELV, on average amounting to a 7.2% increase in singing. As expected, the ELV showed a correlation with the ELA, but the correlation varied considerably. The parameters for the linear trendline showed a slope of 9.2 and a coefficient of determination R 2 = 0.3. This variation was due to the dynamic border definition used for calculating the ELV. For both measures vowels differed significantly from each other (p < .01), whereas there was no significant interaction between 'phonation mode' and 'vowel'.
Hypopharyngeal area (HPA) and volume (HPV)
A significant increase of HPA (p = .001) and HPV (p < .01) was found in singing compared to the reference phonation mode for all vowels, the mean difference amounting to + 21.9% and + 16.8%, respectively (see Fig 6) . A strong correlation between HPA multiplied by the height of HPV (equals to 9.765 mm/ 30 segments) and HPV was found (see Fig 7) with a slope of 0.901 and a coefficient of determination R 2 = 0.92. This suggests that the VT shape in the analyzed hypopharyngeal region shows only small variations regarding its cross sectional area measures and it illustrates the fidelity of the applied segmentation method. For both measures the within-subject factor 'vowel' showed a significant effect (p = .000), whereas there was no significant interaction between 'phonation mode' and 'vowel'.
Larynx-to-pharynx-ratio
As mentioned in the introduction, the larynx-to-pharynx-ratio for the area and volume measures should be acoustically relevant [1, 5] . Even though ELA was greater in singing, the ELA/ HPA-ratio was significantly smaller (p = .05) in singing compared to speech-like phonation (Fig 8A) . This was due to an even greater increase of HPA. The mean ratio across subjects and vowels dropped from 0.29 in the speech-like phonation to 0.26 in singing. Again, subject 12 Lower Vocal Tract in Singing and Speech showed a deviant behaviour, increasing the area ratio from 0.19 in speech-like to 0.23 in singing. This was the result of a rather constant HPA and a wider ELA in singing. Also, the ratio between the two volume measures ELV and HPV showed significantly lower values (p = .01) in singing compared to speech-like (Fig 8B) . The mean values across subjects and vowels were 0.27 in the speech-like phonation and 0.24 in singing. The area and the volume ratio varied significantly with 'vowel', yet again the interaction between 'voice condition' and 'vowel' was not significant.
Correlation of laryngeal height and area and volume measures of the lower VT
Across vowels, no significant correlation between laryngeal height and percentage change of HPA, HPV, ELA and ELV was found. However, for HPA for the vowels /o/ and /u/, which showed the greatest lowering in LH, a clear negative correlation was found: greater lowering of the larynx being associated with a wider pharynx area in singing (see Fig 9) . R 2 was -0.30 for the vowel /o/ and -0.36 for the vowel /u/. Both correlations were significant (p < .05).
Correlation between the change of Hammarberg index and area and volume measures of the lower VT
Subjects who showed a larger increase of HPA in singing tended to have greater change of the Hammarberg index (ΔHI) corresponding to a higher overtone energy in singing than in speech-like phonation (see Fig 10) . The values failed to reach statistical significance (R 2 = 0.3/ p < 0.053). A similar trend was observed for HPV and ΔHI (R 2 = 0.23/p = 0.1). Whereas no such correlation was found for the corresponding laryngeal area and volume measures. Also there was no clear correlation between ΔHI and the calculated area or volume ratios. 
Example of transfer function based on hybrid area functions
On the basis of the present results, it seemed reasonable to assume a relationship between the higher formants and the area and volume ratios in the lower VT. To further test this assumption, an examplary hybrid VT area function was constructed of subject 8, who had a high ΔHI (see Section 'Materials and Methods'). Comparison of the transfer function based on a hybrid area function-combining the lower VT in singing with the upper VT in speech-like-to the transfer function based on the original VT area function in speech-like phonation showed a lowering of the 4 th formant as the main effect (see Fig 11) . These results indicate that the lower VT mostly influences the frequency of the fourth formant.
Discussion
The focus of the present study was to examine VT configuration differences in singing as compared to a natural, speech-like phonation, which served as the reference phonation mode. Of special interest were the epilaryngeal tube and the hypopharyngeal area, two regions likely to be particularly relevant to voice timbre [5] . Special care was taken to select clearly defined and easily reproducible measures so as to allow meaningful inter-subject comparisons.
The study is based on data collected by magnetic resonance imaging. 52 images were taken in 9.2 s resulting in a framerate of 5.6 per second. The accuracy of the data is dependent on the MRI tomograph used, the image resolution of the applied sequence including the slice thickness and the stability of the object over time. The influence of the body position in the MRI scanner on the production of sustained vowels was analysed in several studies. Morphologic differences of the VT shape were found for vocally untrained subjects [25, 26] . However, trained subjects, as in our study, seemed to be influenced to a lesser extend by postural changes [27] . Influential might have been systematic differences in loudness especially of the singing tasks. Yet with the applied study design vocal loudness could not be monitored. Even though the subjects were instructed to sing with small vibrato, most of them did not avoid it entirely. The vibrato rate is usually approximately 6 Hz. The sampling rate was therefore too small to resolve the vibratory displacement of the structures. Another factor might have been movement artefacts during the MRI measurements.
An error estimation was conducted to evaluate the reliability of the morphological VT measures: Considering a computed mean area size of 55 mm 2 Further, for simplification and comparability, only single quantities were taken into account, neglecting detailed 3D morphology. An analysis of the full shape of the interesting structures would probably yield more information about the acoustical relevance but was not considered in this study. In addition, the image processing included a step resulting in a steeper gray scale gradient at the air-tissue-border thus reducing the blurring of contours. Altogether, there are reasons to assume that the accuracy of the MRI-data was sufficient for finding answers to the questions raised.
The Hammarberg Index was selected to quantify the prominence of the singer's formant in speech-like phonated and sung vowels. A limitation of this index is that it disregards the frequencies of the LTAS peaks. As a consequence, the maximum above 2 kHz might not necessarily represent the singer's formant cluster. Among the singer subjects, the index differed substantially in both phonation modes. Also, the difference in HI between vowels in speechlike and singing phonation varied greatly, from -4.1 to 17.6 dB. Some of this variation in ΔHI was due to frequency shifts of the most prominent LTAS peaks. This was the case for subject 10, resulting in a negative ΔHI. In the cases of subjects 1 and 13, negative ΔHI values were due to the fact that the main peak below 2 kHz was higher in singing. In reality, the singer's formant peak increased by about 7 dB in singing. In addition, subjects showed different timbre characteristics regarding their speaking voice. Some had a rather high overtone intensity in the singer's formant frequency region also in their speech-like vowels, thus resulting in a reduced ΔHI although the HI in singing indicated a rather prominent singer's formant cluster. Likewise, not only the voice quality in singing but also the subjects' speaking manner might have influenced the area and volume differences between the two phonation modes. Well-controlled experimental conditions regarding vocal style, pitch and vowel quality were applied to reduce that potential source of error. Another presumably influential factor would be the difference in vocal loudness between the two phonation modes, which could not be controlled during the MRI recordings.
Since singers show great inter-individual variability due to e.g. different body measures, voice categories [28] or vocal habits, relative measures were analyzed based on the intra-individual comparison of VT adjustments during vocal tasks rather than absolute measures. This allowed for a meaningful inter-individual comparison including statistical analysis.
On average the larynx was found to be lowered by about 8 mm in singing. In voice pedagogy such lowering is considered essential in the training of classical singing voices [29] . This finding is in qualitative accordance with previously published measurements [30] [31] [32] .
Configuration changes, particularly of the lower part of the vocal tract, could be expected to underlie the observed acoustical differences between speech-like and sung sustained vowels, as explained in the introduction. The present findings indicate, that the selected laryngeal and hypopharyngeal area and volume measures differed between the two phonation modes. Across subjects and vowels, a significant increase of hypopharyngeal cross-sectional area by 21.9% was found, while the laryngeal area increased by mere 12.1%. Similar observations were made for the respective volume measures resulting in a 16.8% increase of the hypopharyngeal volume and a 7.2% increase of the laryngeal volume in singing. For both laryngeal measures differences in singing were too small to reach statistical significance. Additionally, the laryngeal measures have to be interpreted with caution given the theoretical considerations on measurement errors as outlined above. Still, the present study showed the ratios of laryngeal and hypopharyngeal area measures drop across subjects and vowels from 0.29 in the reference phonation mode to 0.26 in singing. These values are far from the 1 to 6 ratio mentioned in the introduction, but they were getting closer to this value in singing. Correspondingly, the volume ratio was lowered from 0.27 in speech-like phonation to 0.24 in singing. An estimation of the area of the larynx tube opening and the area of the laryngopharynx from MRI images by Detweiler yielded similar area ratios in singing to those found in the present study [31] . The present study was designed to describe dynamic adjustments rather then absolute VT measures. In this respect the measured lowering of the area ratio between larynx and hypopharynx seems to be in accordance with the aforementioned theory in the sense to make better use of the overtone enhancing potential of the inner larynx. Rather unexpected and in contrast to existing literature [7] was the finding that all morphologic measures varied significantly with vowels.
The expansion of the lower vocal tract particularly of the epilarynx tube has been found to influence the characteristics of other types of voice production, for instance in yawning [33] . To sing with a yawny sensation is a commonly used recommendation in voice pedagogy. To create the observed increase of the hypopharynx area, a lowering of the larynx may be a commonly applied strategy. This assumption is supported by the observed correlation between ΔLH and HPA pc for the vowels that showed the greatest lowering of the larynx, /u/ and /o/. Also, there might be other strategies like those which were observed in subject 4 of our study group who combined a raised area ratio in singing with a high ΔHI. Furthermore, there might be other factors contributing to the resulting voice timbre characteristics like mechanical properties of the VT wall [34] . Whether the mechanism is also subject to further refinements of the voice technique during the singer's education will be investigated by a longitudinal study of the same subjects.
Conclusion
This study investigated differences in the geometry of the lower VT between the two phonatory conditions speech-like and singing by means of high resolution MRI for sustained vowels. The data revealed that the sung vowels as compared with the speech-like vowels were produced with a lower larynx, a greater cross-sectional area and volume of the lower hypopharynx and with a lower ratio of the larynx-to-hypopharynx area and volume. All measures of the lower VT varied significantly with vowel quality. A combination of a lowered larynx and a widened hypopharynx was found in sung versions of the vowels /o/ and /u/. Acoustically, an increase of high frequency energy in singing above 2 kHz correlated with a wider hypopharyngeal area. Additionally an analysis of the VT transfer function with an exemplary hybrid area function showed a down shift of the 4 th formant for hybrids with lower VTs in singing configuration. In summary, our findings support the assumption that reducing the acoustic coupling between the larynx tube and the remaining VT is an important component of the articulatory adjustments in male classical singing. Thus by actively widening the hypopharynx singers can enhance the singer's formant cluster.
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